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Introduction
Land degradation may occur through the collective effects 
of pressures on land due to rapid population growth and 
urbanization, ecological problems associated with climate 
change, improper and unsustainable land use and other 
land management policies. Substantial land use changes 
in these areas have therefore led to the transformation of 
native vegetation to pasture, agriculture and other devel-
opmental purposes (Carvalho et  al. 2010). Soil erosion 
is a major environmental issue threatening ecosystems 
in many areas of South America, Asia and Sub-Saharan 
Africa and indeed world-wide. It is estimated that world-
wide, ~5–7 million hectares of farmland are lost annually 
due to soil erosion and other forms of land degradation 
(FAO 2017). Gully erosion is a highly visible form of soil 
erosion that affects soil productivity, restricts land use and 
can threaten the integrity of infrastructures. It generally 
results in the siltation of waterways, dams and reservoirs. 
Suspended sediments, which may have absorbed nutrients 
and pesticides, can adversely affect surface water quality. 
These fine colloidal clay particles most often remain in 
suspension and may pollute both surface- and ground-
water and damage aquatic ecosystems. 
Controlling gully erosion can be problematic. A ma-
ture vegetative cover of thick and uniform turf usually 
has the ability to substantially decrease soil erosion com-
pared with bare soil (Rickson 2006; Guerra et  al. 2010, 
2015, 2017). However, establishing mature vegetation can 
take some time, thus posing a high risk of erosion during 
the vegetation establishment phase, as the plant canopy, 
stems and roots will be undeveloped and thus unable to 
prevent soil erosion (Bhattacharyya et al. 2010a). There-
fore, in the absence of instant and suitable plant shields, 
hill-slopes often experience severe soil erosion. The use of 
geotextiles for erosion control offers suitable and instant 
soil protection within the growth developmental stages 
from germination to complete maturity of suitable plant 
shields (Rickson 2006; Tapobrata 2017). When geotextiles 
are emplaced, they can last in a specific area for a long 
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period, from months to even years, and function as a com-
pound solution for erosion control (Davies 2000). The use 
of geotextiles prevents superficial runoff on steep slopes 
and thus decreases erosion rates by ~50% (Rickson 2006; 
Alvarez-Mozos et al. 2014). The application of geotextiles 
also affects soil moisture conditions (Guerra et al. 2014).
The application of materials as geofibres, geo-mem-
branes, geotextiles or biogeotextiles are sufficiently under-
stood and documented (e.g. Jankauskas et al. 2012; Pat-
erson et al. 2011; Guerra et al. 2015; Bhattacharyya et al. 
2011c). The primary function of placing biogeotextile 
mats on bare soil is to decrease the amount and velocity 
of runoff, thereby decreasing sediment loss. If the amounts 
of runoff and sediment loss are decreased, the potential for 
re-vegetation of the soil surface is increased. Details of the 
manufacturing processes of biogeotextiles (i.e. jute-mats, 
coir and palm-leaf mats) and their salient properties are 
documented in several publications (e.g. Paterson et  al. 
2011; Bhattacharyya et al. 2011c). 
The classification of geotextiles used in soil erosion 
control depends on the type of materials, as they can be 
natural or synthetic. Synthetic geotextiles are created from 
polymeric synthetic materials (e.g. nylon, polyethylene, 
polyester and polypropylene). Their material composition 
and treatment processes determine their durability and 
endurance in field conditions (Bhattacharyya et al. 2010b; 
Saha et al. 2012, 2014, 2015). Geotextiles constructed from 
natural fibres can last up to five years in field environ-
ments, depending on the prevailing weather conditions, 
while synthetic geotextiles can last over 25 years (Bhat-
tacharyya et al. 2010a; Tapobrata 2017). Natural geotex-
tiles provide a stable, non-eroding environment, and when 
constructed using indigenous materials, they can be very 
effective, affordable and compatible with sustainable land 
management practices (Bhattacharyya et al. 2011b; Jorge 
et al. 2016). Biological geotextiles (biogeotextiles) are po-
tentially excellent biodegradable and environmentally-
friendly materials useful for soil conservation (Metha-
canon et al. 2010; Fullen et al. 2011b; Bhattacharyya et al. 
2011a).  On the other hand, synthetic geotextiles are 
non-biodegradable and their extensive use can cause soil 
contamination, therefore causing ecological and econom-
ic problems (Methacanon et al. 2010; Guerra et al. 2015; 
Bhattacharyya et al. 2011c). Biogeotextiles are produced 
from organic materials, usually plant fibres, such as coir, 
cereal straw, jute and palm-leaves.
Biogeotextiles have been utilized in multiple condi-
tions world-wide to restore degraded soils and have yield-
ed positive results (Bhattacharyya et al. 2010b; Methacan-
on et al. 2010; Jankauskas et al. 2012; Fullen et al. 2011b; 
Guerra et al. 2015). Of course, the geochemical composi-
tion of biogeotextiles is closely related to the constituents 
of the plant fibres used in their production (Smets et al. 
2011; Chen et  al. 2011; Jakab et  al. 2012). For instance, 
geotextiles made from plants that contain plant nutrients 
can promote more rapid vegetation growth. Therefore, it 
is advisable to evaluate the geochemical composition of 
plant fibres used as biogeotextiles (Bhattacharyya et  al. 
2010b, 2011; Methacanon et  al. 2010; Jankauskas et  al. 
2012; Fullen et al. 2011b; Guerra et al. 2015). It is there-
fore proposed that geochemical analysis should be an es-
sential process in the selection of plant fibres for potential 
use in the production of geotextiles. Despite effective and 
successful application of plant fibres as geotextiles for the 
reclamation of environmentally-degraded lands, field and 
laboratory studies on possible geochemical effects of bio-
geotextiles (including heavy metal contamination) on soils 
are limited. 
In this study, geochemical analysis of coir, jute, banana 
and palm-leaf fibres was conducted to determine their 
geochemical properties and infer the likely effects of their 
decomposition on soil systems. The aim is to analyse the 
geochemical content of selected geotextile fibres and to 
determine the elements that could potentially be nutrients 
for plants or cause heavy metal contamination in soils.
1. Materials and methods
Geochemical analyses were conducted on selected plant 
fibres which are used for making biogeotextiles world-
wide and some potential biogeotextile plant fibres. The 
study examined two parts of the banana plant, namely 
banana-leaf and banana-leaf/stem, together with two dif-
ferent forms of jute plant (in both cloth and mat form). 
The other analysed materials included buriti palm-leaf and 
coir fibre. Several samples of plantain leaves/stem from 
different countries were analysed (Table 1). These include 
three banana-leaf/stem samples from Macaé, Rio de Janei-
ro (RJ) State, Brazil; three banana leaf samples from São 
Romão, RJ State, Brazil, three banana-leaf samples from 
Ubatuba, São Paulo (SP) State, Brazil and six samples of 
banana- leaf/stem from Oleo, RJ State, Brazil. In addition, 
banana- leaves from Lagos, Nigeria, were also analysed. In 
all four plant species were analysed, namely: buriti palm 
(Mauritia flexuosa) leaf from São Luís, Maranhão State, 
Brazil; banana (Musa spp.) leaf samples from Ubatuba, SP 
State, and São Romão and Oleo (RJ) and Nigeria (Lagos); 
jute fibre (Corchorus spp.) from India and coir coconut 
fibre (Cocos nucifera) from Brazil.
1.1. Sample preparation
Several samples of banana-leaves/stem were analysed. 
Ashes of the leaves/stems (semi-burnt) were acquired from 
several cities in Brazil, including São Pedro (RJ), Ubatuba 
(SP) and from the Campus of the Federal University of 
Rio de Janeiro (UFRJ), Brazil. Some fresh banana-leaves 
were also acquired from Lagos, Nigeria. The weights of the 
air-dried and oven-dried (at 40  °C) banana-leaves from 
Nigeria were taken. The aim of the geochemical analyses 
of the banana-leaves from two different continents was to 
determine the comparability and consistency of plant nu-
trient contents. Analyzing multiple sample types from a 
single location was to investigate possible influences of soil 
and environmental conditions on plant nutrient content. 
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Similarly, air-dried buriti palm (Mauritia flexuosa) was 
utilized for this analysis. The buriti geotextile mat was 
acquired from previous buriti projects during which geo-
textile mats were constructed from buriti-leaves (Adeitun 
2011). Coir fibre was also sourced from a previous experi-
mental project (Fullen et al. 2011a, 2011b). Jute fibres used 
for this analysis were in two different fabricated material 
forms (mat and cloth) acquired from India. 
Sample weights were obtained individually at each 
stage of sample preparation for X-ray diffraction (XRD) 
and X-ray fluorescence (XRF) spectrometry. All materials 
were individually pulverised in preparation for X-ray dif-
fraction (XRD) analysis, while the overall weights of the 
ashes were also measured in preparation for XRF analysis.
1.2. Preparation of samples for X-ray diffraction 
(XRD) analysis
X-ray diffraction (XRD) analysis was performed on sam-
ples to identify their geochemical composition. In XRD 
analysis, X-rays of known wavelength are passed through 
the samples to be analysed, in order to identify the crystal 
structure of the samples. Due to their wave nature, X-rays 
are diffracted by the lattice of the sample crystal to give 
distinctive peak patterns of reflections at different angles 
and intensities. The X-ray detector then measures the po-
sition and intensity of the peak patterns. These peak pat-
terns and other components assist the database search to 
detect and classify the chemical compounds in each sam-
ple (Stanjek, Hausler 2004). The X-ray analyser used has 
a copper anode with an electrical output of 3,000 watts.
All analysed samples were weighed. The leaf samples 
that had little moisture content were air-dried for one 
week, and then later oven-dried for 16 hours (overnight) 
at 40  °C. For the XRD machine to analyse the samples 
accurately, the samples must be in powder form. Samples 
were individually ground to powder consistency using a 
Timor grinding mill, and then stored in individual labelled 
sample bags. The iron mill mortar ring grinder/crusher, 
iron piston crusher and mortar cover were thoroughly 
cleaned using sample paper and ethanol after grinding 
each sample, to prevent cross-contamination of samples. 
All powdered samples were later weighed. 
1.3. Preparation of samples for X-ray fluorescence 
(XRF) analysis
An X-ray fluorescence (XRF) analyser was used to deter-
mine the elemental constituents of samples. Oven-dried 
ash samples were placed into sample pots sealed with 
Mylar film at the base. This was performed to guarantee 
that the geometry of the tube-sample-detector assembly 
remained constant (Thomsen, Schatzlein 2002). The pots 
were then positioned in the XRF machine, which classifies 
elements in the samples by beaming X-rays onto them. 
The elements in the samples were later bombarded and 
excited by the X-rays, with each element in the sample 
emitting a specific X-ray signature. All emitted individual 
X-ray signatures are therefore equivalent to the energy 
profiles of one of the elements in the ash sample (Kaniu 
et al. 2012).
The semi-burnt banana-leaf ashes from Brazil and 
the leaf/fibre powder samples derived after XRD analysis 
were all used for XRF analysis. Individual samples were 
all placed in crucibles and weighed. Samples were later 
placed inside an oven (at 40 °C) for 30 minutes and then 
placed in glass desiccators with silica gel below to absorb 
any remaining moisture. They were weighed to ascertain 
the weight loss from moisture content and the oven-dry 
weight of samples. Then, samples in the crucibles were 
placed in a muffle furnace at 500 °C for 3 hours. The sam-
ples were ignited and left in ash form; this action ignited 
the organic fraction, thereby leaving only the minerals in 
Table 1. Sample locations and description of the study area
Sample 
No
Sample 
codes Sample type/source
1 BLL Banana-leaf (Lagos, Nigeria)
2 BUPLSB Buriti palm-leaf (São Luís, Maranhão State,  north-east Brazil)
3 COFB Coir fibre (Brazil)
4 JUCI Jute-cloth (India)
5 JUMI Jute-mat (India)
6 BLSMA1 Banana-leaf/stem 1 (Macaé,   Rio de Janeiro State, Brazil)
7 BLSMA2 Banana-leaf/stem 2 (Macaé,  Rio de Janeiro State, Brazil)
8 BLSMA3 Banana-leaf/stem 3 (Macaé,  Rio de Janeiro State, Brazil)
9 BLSA1 Banana-leaf 1 (São Romão,  Rio de Janeiro State, Brazil)
10 BLSA2 Banana-leaf 2 (São Romão,  Rio de Janeiro State, Brazil)
11 BLSA3 Banana-leaf 3 (São Romão,  Rio de Janeiro State, Brazil)
12 BLUT1 Banana-leaf 1 (Ubatuba, São Paulo State, Brazil)
13 BLUT2 Banana-leaf 2 (Ubatuba, São Paulo State, Brazil)
14 BLUT3 Banana-leaf 3 (Ubatuba, São Paulo State, Brazil)
15 BLSOL1 Banana-leaf/stem 1 (Oleo,  Rio de Janeiro State, Brazil)
16 BLSOL2 Banana-leaf/stem 2 (Oleo,  Rio de Janeiro State, Brazil)
17 BLSOL3 Banana-leaf/stem 3 (Oleo,  Rio de Janeiro State, Brazil)
18 BLSOL4 Banana--leaf/stem 4 (Oleo,  Rio de Janeiro State, Brazil)
19 BLSOL5 Banana-leaf/stem 5 (Oleo,  Rio de Janeiro State, Brazil)
20 BLSOL6 Banana- leaf/stem 6 (Oleo,  Rio de Janeiro State, Brazil)
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the ash samples. After this, samples were left to cool in 
the furnace. The weight of the ash obtained from each 
sample was recorded and the percentage ash was calcu-
lated in order to determine the amount of organic matter 
loss in each sample due to burning. The quantity of ash 
samples derived was sufficient to cover the bottom of the 
pot, which was earlier covered with Mylar film, which was 
necessary for XRF analysis. Ash samples were then added 
to pots and analysed for elemental constituents using an 
XRF spectrometer (Spectro/Model: Xepos). Initial sample 
weights ranged between 0.09–10.0 g of pulverized plant fi-
bre, while the ash weights left after burning were between 
0.01–1.68 g. Thus, the organic matter content of the plant 
fibres constituted 87–99% of the oven-dried samples.
1.4. Methods of statistical analysis
Several descriptive statistical analyses were conducted, us-
ing the IBM SPSS Statistical Package (2015 versions). This 
software helped to analyse correlations, trends and the 
statistical significance of differences within the geochemi-
cal data. The applied statistical techniques included Fac-
tor Analysis using Principal Component Analysis (PCA), 
Analysis of Variance (ANOVA) and descriptive statistical 
analyses. The PCA analysis is a linear combination of opti-
mally-weighted observed variables used to establish prin-
cipal components (i.e. smaller numbers of artificial vari-
ables) that could possibly account for the variance within 
the geochemical data. Similarly, ANOVA was applied to 
the geochemical data to establish whether the observed 
variance or differences between various samples are sta-
tistically significant. 
2. Results and discussion
XRD analyses were first conducted on the five ash samples. 
The peak patterns were investigated in the XRD database 
in order to determine the component compounds of the 
individual samples. The probable potential minerals in or-
ganic plant tissues according to the XRD database were: ar-
canite (K2SO4), calcium borate hydrate (Ca3 (BO3)2·H2O), 
calcium silicide (CaSi2), cristobalite (SiO2), celestine 
(SrSO4), calcium phosphate (CaHPO4), hydrogrossular 
(Ca3Al2(SiO4)3-x(OH)4x), manganite (MnO(OH)), potas-
sium nitrate (KNO3), potassium oxalate hydrate (K2C2O4.
H2O), potassium hydrate phosphate (K2HPO4), rankinite 
(Ca3Si2O7) and sodium formate (HCOONa) (Stanjek and 
Hausler 2004). However, the XRD scans of the samples 
and their individual peak patterns did not match any of 
the compounds listed above. This indicates that minerals 
present were less than the detectable limit, as most min-
erals are expected to be in very low concentrations in or-
ganic fibres (Kaniu et al. 2012). 
2.1. Macro-nutrient analysis
Macronutrient concentrations of the samples are present-
ed in Table 2 and Figure 1. Macro-nutrient concentrations 
(Table 1) showed that potassium (K) has the highest con-
centration (50.73%) in banana-leaf from São Romão, 
while molybdenum (Mo) has the lowest concentration 
(<0.0010%). K concentrations varied from ~3.63% in 
jute-mat (from India) to 50.73% in banana-leaf (from 
São Romão) with a mean concentration of 27.12%. Simi-
larly, Calcium (Ca) concentrations varied from 0.09% in 
banana-leaf (from São Romão) to 37% in banana- leaf/
stem (from Oleo), with a mean of 10.49%. The results, 
therefore, showed that K constituted a substantial propor-
tion of the dry weight in each sample. The proportion of 
Ca in the samples was fairly high (37%) in one of the 
banana leaf/stem samples from Oleo, while it was low 
(0.90%) in the banana-leaf sample from São Romão. In 
addition, analysis of the two jute sample types showed 
that Ca concentration in the mat was higher (18.27%) 
than in the cloth (11.93%). 
Table 2. Concentrations of macro-nutrients (% by weight) in 
ash samples of plant tissues
Sa
m
pl
e 
N
o
Sample 
code
Magne-
sium 
(Mg) %
Phos-
phorus 
(P) %
Potas-
sium 
(K) %
Cal-
cium 
(Ca) %
Sul-
phur 
(S) %
1 BLL 8.94 3.18 39.84 3.21 3.70
2 BUPLSB 12.05 9.54 14.67 8.26 1.43
3 COFB 9.79 0.87 13.09 1.14 0.96
4 JUCI 18.40 1.37 3.97 11.93 2.77
5 JUMI 18.64 1.59 3.63 18.27 1.99
6 BLSMA1 17.48 1.29 30.53 2.34 2.50
7 BLSMA2 11.93 0.87 38.97 9.43 2.17
8 BLSMA3 16.02 2.54 31.52 5.83 3.90
9 BLSA1 9.82 4.51 50.73 0.90 4.10
10 BLSA2 13.24 1.08 31.62 9.85 3.56
11 BLSA3 13.95 3.11 36.92 0.94 4.44
12 BLUT1 12.12 4.98 34.84 6.55 3.81
13 BLUT2 19.75 5.88 29.77 8.12 2.81
14 BLUT3 12.07 4.73 39.44 5.05 1.58
15 BLSOL1 12.15 0.44 23.13 37.00 1.23
16 BLSOL2 22.55 1.89 15.28 19.94 1.43
17 BLSOL3 20.22 1.29 18.18 20.59 1.06
18 BLSOL4 15.41 2.43 25.42 10.01 1.60
19 BLSOL5 9.08 0.56 34.69 11.32 0.61
20 BLSOL6 19.76 0.98 26.94 19.15 1.29
2.2. Micro-nutrient analysis
The concentrations of most micro-nutrients were low 
and below the calibration limits in most samples (Table 3, 
Figure 2). However, iron (Fe) concentrations varied from 
0.15% in banana-leaf/stem samples (Oleo) to 4.47% in 
jute-cloth (India), with a mean concentration of 0.82%. 
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Similarly, manganese (Mn) percentage concentration 
varied from 0.03% in banana-leaf/stem (Oleo) to 1.89% 
in banana-leaf/stem (Macaé), with a mean of 0.35%. The 
percentages of copper (Cu), zinc (Zn), molybdenum 
(Mo) and cobalt (Co) were all below detectable limits 
in all ignited samples. Comparing the banana samples 
in the entire data-set, it can be observed that Fe in ba-
nana samples maintained a stable higher concentration 
than other elements. This provides strong evidence that 
banana-leaves have relatively high Fe contents (Table 1). 
Figure 1. Concentrations of macro-nutrients (% by weight) in ash samples of plant tissues
Table 3. Concentrations of micro-nutrients (% by weight) in ash samples of plant tissues
Sample  
No
Sample  
code
Manganese 
(Mn) %
Iron  
(Fe) %
Copper  
(Cu) %
Zinc  
(Zn) %
Molybdenum 
(Mo) %
Chlorine 
(Cl) %
Cobalt  
(Co) %
1 BLL 0.17 0.40 <0.0087 <0.0230 <0.0010 3.01 <0.0085
2 BUPLSB 0.15 0.55 <0.0111 <0.0496 <0.0029 0.54 <0.0197
3 COFB 0.06 1.11 <0.0075 <0.0250 <0.0018 8.18 <0.3208
4 JUCI 0.78 4.47 <0.0262 <0.1606 <0.0040 0.16 <0.1473
5 JUMI 0.35 4.01 <0.0222 <0.0514 <0.0010 0.43 <0.1252
6 BLSMA1 0.31 0.19 <0.0016 <0.0044 <0.0010 5.13 <0.0018
7 BLSMA2 1.89 0.26 <0.0042 <0.0126 <0.0054 9.23 <0.0017
8 BLSMA3 1.43 0.53 <0.0065 <0.0178 <0.0010 4.11 <0.0025
9 BLSA1 0.14 0.26 <0.0179 <0.0296 <0.0010 2.67 <0.0016
10 BLSA2 0.44 0.65 <0.0211 <0.0431 <0.0010 9.91 <0.0025
11 BLSA3 0.07 0.41 <0.0014 <0.0062 <0.0024 3.72 <0.0023
12 BLUT1 0.23 0.24 <0.0087 <0.0193 <0.0010 8.37 <0.0018
13 BLUT2 0.26 0.17 0.0122 0.0177 0.0010 6.56 0.0003
14 BLUT3 0.14 0.30 <0.0098 <0.0104 <0.0044 12.58 <0.0018
15 BLSOL1 0.11 0.43 <0.0041 <0.0138 <0.0010 2.32 <0.0022
16 BLSOL2 0.15 0.29 <0.0046 <0.0142 <0.0010 2.85 <0.0019
17 BLSOL3 0.07 0.44 <0.0045 <0.0146 <0.0073 5.25 <0.0022
18 BLSOL4 0.10 0.65 <0.0050 <0.0157 <0.0056 5.68 <0.0026
19 BLSOL5 0.03 0.15 <0.0033 <0.0076 <0.0010 17.11 <0.0013
20 BLSOL6 0.07 0.22 <0.0013 <0.0085 <0.0010 3.44 <0.0017
Note: Numbers with the prefix ‘<’ means below the current XRF calibration range. Therefore, values should be interpreted as semi-
quantitative. 
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Figure 2. Concentrations of micro-nutrients (% by weight) in ash samples of plant tissues
Chlorine (Cl) had the highest percentage of all the 
micro-nutrients, at 17.11% (in banana-leaf/stem from 
Oleo). Similarly, the results showed that Cu, Zn, Mo and 
Co concentrations were below calibration limits in all 
ignited samples. In banana-leaf and banana-leaf/stem 
samples, Mn was only 0.07%, while its highest concentra-
tion was 1.89% in the banana-leaf/stem sample from Rio 
de Janeiro State (Figure 2). The highest micro-nutrient 
concentration was Cl in the Brazilian banana-leaf and 
banana-leaf/stem samples. The buriti palm and coir fi-
bre samples had relatively low concentrations for all ele-
ments (<1%), with most elemental concentrations below 
detectable limits. Generally, the Brazilian samples had 
higher concentrations of macro-nutrients than samples 
from other countries, especially Cl in banana-leaf and 
banana-leaf/stem samples.
Adeitun (2011) reported low concentrations (<1%) of 
most micro-elements in analysed plant fibre samples and 
the concentrations of the micro-nutrients below detect-
able limits in most samples. Fe had the highest percentage 
of all the micro-elements, with a concentration of 0.69% 
(in banana-stem). Fe also has the highest concentration 
compared with other micro-elements in banana-leaf and 
banana-leaf/stem samples (Adeitun 2011). The three sam-
ples (banana-leaf, banana- leaf/stem and banana-stem) had 
fairly consistent Mn concentrations (0.30, 0.19 and 0.18%, 
respectively) (Adeitun 2011). The results accord with analy-
sis of Jamaican palm-leaves showing very low concentra-
tions of all micro-elements (Shepherd 2012). Assessing the 
overall micro-element results, Fe in the banana samples had 
higher concentrations than other elements in the experi-
mental results of both Adeitun (2011) and Shepherd (2012). 
2.3. Heavy metal analysis
Heavy metal concentrations are presented in Table 4 and 
Figure 3. Chromium (Cr) had the highest concentration 
(0.026%) in jute-cloth, while its concentration in banana 
samples were all <1%, ranging from 0.0138–<0.0025%. 
Nickel (Ni), arsenic (As), selenium (Se), lead (Pb) and 
mercury (Hg) all had very low concentrations (ranging 
from 0.0236–<0.00010%). Comparison of each element 
across the samples showed that Se and Hg were below the 
calibration limits in all samples. For other samples, such 
as the buriti palm sample, Cr was 0.0076%, with the coir 
fibre and banana samples recording even lower concen-
trations. Although most samples revealed the presence of 
heavy metals, such as As and Pb, their concentrations were 
below detectable limits. Ni concentrations were relatively 
low in all samples; the highest was 0.016% and the low-
est 0.005%. Therefore, the low heavy metal concentrations 
present strong evidence that heavy metal toxicity does not 
pose a potential source of soil contamination on decompo-
sition of these biogeotextile fibres. Heavy metals in plants 
obstruct nutrient uptake and impede plant growth (Jadia, 
Fulekar 2009; Guerra et al. 2015), which would limit the 
suitability of such fibres for use as biogeotextiles. Further-
more, heavy metals can be highly toxic to soil fauna and 
flora and further decrease soil fertility, which in turn may 
increase soil erodibility (Guerra et al. 2015). 
2.4. Total nutrient concentration analysis
The proportion of macro-nutrients in the samples consti-
tuted 26–74% of the total concentrations of elements in 
each sample. The banana-stem and banana-leaf samples 
had higher proportions of all macro-nutrients, compared 
with the other samples, while the proportions of the re-
maining samples were <50% (Table 5, Figure  4). How-
ever, considering the entire elements together, K had the 
highest concentration of 50.73% (for banana-leaf from 
São Romão), while Mo had the least at <0.0010% (ba-
nana-leaf from Lagos, jute-mat from India, banana- leaf/
stem from Rio de Janeiro, banana-leaf from São Romão, 
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Table 4. Concentrations of heavy metals (% by weight) in ash samples of plant tissues
Sample 
No
Sample  
codes
Arsenic,  
As (%)
Chromium,  
Cr (%)
Lead,  
Pb (%)
Mercury,  
Hg (%)
Nickel,  
Ni (%)
Selenium,  
Se (%)
1 BLL <0.00034 0.0061 0.0020 <0.00083 0.0068 <0.00027
2 BUPLSB 0.0005 0.0076 0.0008 <0.0023 0.0069 <0.00057
3 COFB 0.0005 0.0060 0.0011 <0.0051 0.0061 <0.0014
4 JUCI 0.0039 0.0264 0.0236 <0.0046 0.0160 <0.0012
5 JUMI 0.0011 0.0097 0.0041 <0.0037 0.0102 <0.0010
6 BLSMA1 <0.00010 0.0026 <0.00034 <0.00016 0.0062 <0.00016
7 BLSMA2 <0.00031 0.0138 0.0008 <0.00044 0.0089 <0.00020
8 BLSMA3 <0.00027 <0.0025 0.0006 <0.00042 0.0077 <0.00016
9 BLSA1 <0.00029 0.0069 0.0008 <0.00042 0.0076 <0.00021
10 BLSA2 0.0003 0.0058 0.0007 <0.00022 0.0111 0.00019
11 BLSA3 <0.00021 0.0050 0.0003 <0.00025 0.0052 <0.00015
12 BLUT1 <0.00026 <0.0030 0.0008 <0.00027 0.0067 <0.00020
13 BLUT2 0.0007 <0.00050 <0.00020 <0.00020 0.0087 <0.00010
14 BLUT3 <0.00024 0.0033 0.0009 <0.00033 0.0072 <0.00019
15 BLSOL1 <0.00028 0.0075 <0.00056 <0.00045 0.0057 <0.00022
16 BLSOL2 <0.00025 <0.0027 <0.00048 <0.00041 0.0053 <0.00019
17 BLSOL3 <0.00027 0.0045 0.0008 <0.00043 0.0051 0.00023
18 BLSOL4 <0.00027 0.0040 0.0007 <0.00034 0.0052 0.00016
19 BLSOL5 0.0003 <0.0026 <0.00051 <0.00036 0.0050 <0.00022
20 BLSOL6 <0.00023 0.0064 <0.00034 <0.00042 0.0057 <0.00019
Note: Numbers with the prefix ‘<’ means below the current XRF calibration range. Therefore values should be interpreted as semi-
quantitative. 
Figure 3. Concentrations of heavy metals (% by weight) in ash samples from ignited plant tissues
banana-leaf from Ubatuba, and banana- leaf/stem from 
Oleo). Comparing the percentage concentrations of each 
of the macro-elements across the samples showed that K 
was highest in banana-leaf from São Romão, while P has 
the lowest concentration of 0.44% in banana-leaf/stem 
from Oleo. Coir fibre samples from Brazil had high K 
concentrations (13.09%) and the least concentration of 
Mo (<0.0018, below detectable limits). Comparing the 
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jute-cloth and mat, jute-mat had more Mg (18.64%) and 
the lowest element concentration was Mo (<0.001%). The 
banana-leaf from Nigeria and the three regions in Brazil 
had relatively high K concentrations. Banana-leaf sam-
ples also had higher K concentrations than the coir fibre 
and the two jute forms.
When viewed across all samples, P concentration was 
highest (9.54%) in buriti palm-leaf and least (0.44%) in 
one of the three banana-leaf/stem samples from Oleo. Ca 
concentration was high (37.0%) in one of the banana-leaf/
stem samples from Oleo, but was low (0.90%) in one of 
the banana-leaf samples from São Romão. Between the 
two jute forms, Ca concentration was higher in the mat 
(18.27%) than the cloth (11.93%). Considering the dif-
ferent growing requirements of plants, the Ca content 
of plants should be >5% dry weight (Marschner 1993). 
Therefore, the percentages of Ca in all samples are still 
within the optimum growth range, except for some ba-
nana-leaf and coir fibre samples. Similarly, K constituted 
a substantial proportion of the dry weight of all samples. 
Banana-leaf had the highest K content of the dry weight of 
the entire samples, while the least was banana-leaf/stem. 
Since at a peak growth, the K content of plant tissues 
should be >5% dry weight (Bakker, Elbersen 2005), all 
samples therefore indicated optimal growth potential, as 
their K concentrations were >5%, except for the two jute 
samples. Adeitun (2011) showed that banana-leaf samples 
have high Ca contents and that K concentrations were 
greater in banana-leaf but low in banana-stem (Adeitun 
2011). Similarly, most macro-nutrients (particularly Mg, P 
and K) were generally low in banana-stem (Adeitun 2011). 
Evaluating the entire macro-element data of this study 
showed that K in banana-leaves had higher concentrations 
than other elements, which therefore provides very strong 
evidence that banana-leaves generally have relatively high 
K concentrations.
High K and Ca concentrations in plant fibres accord 
with a study on banana-leaf samples from Jamaica (Shep-
herd 2012). Coir fibres (which had the lowest proportion 
of macro-nutrients in this study) have been previously 
used to construct effective biogeotextiles (Bhattachar-
yya et al. 2011; Fullen et al. 2011a; Kertész et al. 2011). 
Coir mats have been successfully applied in many gully 
rehabilitation projects world-wide, although coir is less 
likely to add nutrients to soil systems on decomposition 
(Fullen et al. 2011a; Chen et al. 2011; Guerra et al. 2015; 
Shirazi et  al. 2016; Vasarevičius et  al. 2016; Shokr et  al. 
2016; Jarašiūnas, Kinderienė 2016). Therefore, other types 
of plant fibre with higher proportions of macro-elements 
may make better biogeotextiles, with higher nutrient con-
centrations than coir fibre. Geotextiles constructed from 
plant fibres with higher nutrient concentrations supple-
ment more nutrients into the soil system and thus pro-
mote more rapid vegetation growth and hence more ef-
fective soil conservation (Smets et al. 2011). High nutrient 
concentrations in soil also increase soil aggregate stability 
and thus decrease soil erodibility (Smets et al. 2011; Guer-
ra et al. 2017). The four sample types (banana-leaf/stem, 
banana-leaf, buriti-palm and jute-mat) therefore have sup-
plementary benefits of adding nutrients to soil systems, 
besides their primary role of conserving soils. 
Synthetic geotextiles are still frequently used although 
they often become redundant once vegetation has been es-
tablished on-site and therefore can lead to soil contamina-
tion and ecological problems (Fullen et al. 2011a, 2011b). 
The comparative merits of biogeotextiles and synthetic 
should be carefully considered before field applications. 
Generally, biogeotextiles are effective, affordable and com-
patible with sustainable land management practises (Bhat-
tacharyya et al. 2011a, 2011b). 
Field studies have established that the decomposition 
of biogeotextiles varies with environmental conditions, es-
pecially climate. Biogeotextiles can last from a few months 
to a few years. Rapid decomposition of biogeotextiles over 
about three months was observed in the humid tropics of 
Brazil. However, at the São Luis gully site, the biogeotex-
tiles gave ample protection, allowing sufficient time for the 
establishment of a dense grass cover. In constrast, in the 
humid temperate climate of the British Isles (England and 
the Isle of Man) biogeotextiles remained viable for about 
two years before decomposition (Fullen et al. 2011b; Bhat-
tacharyya et al. 2011a, 2011b). 
Table 5. Combined concentrations of macro-nutrients  
(% by weight) in ash samples from ignited plant tissues
Sample  
No
Sample  
codes
Total proportion of macro-
elements (% by weight)
1 BLL 58.87
2 BUPLSB 45.95
3 COFB 25.86
4 JUCI 38.44
5 JUMI 44.12
6 BLSMA1 54.15
7 BLSMA2 63.36
8 BLSMA3 59.81
9 BLSA1 70.06
10 BLSA2 59.34
11 BLSA3 59.35
12 BLUT1 62.30
13 BLUT2 66.33
14 BLUT3 62.86
15 BLSOL1 73.96
16 BLSOL2 61.08
17 BLSOL3 61.33
18 BLSOL4 54.87
19 BLSOL5 56.25
20 BLSOL6 68.12
2.5. Statistical analysis of geochemical data
Factor Analysis of the geochemical data was conducted 
using Principal Component Analysis (PCA), with vari-
max rotation to assess the clustering of the nutrient data. 
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The variables were Mg, P, K, Ca and S. The total variance 
explained for the micro-nutrients is reported in Table 6, 
which showed only one component with an initial Eigen-
value >1.0. After rotation, this principal component ac-
counted for 49.713% of variance. The rotated component 
matrix showed the loadings of the rotated components, 
with loadings <0.30 omitted to improve clarity (Table 6b). 
Results suggest that, in accordance with zero-order cor-
relations, this component increases with increasing K, S 
and P concentrations, with correlation (r) coefficients of 
0.765, 0.729 and 0.440, respectively. The principal com-
ponent has negative correlations with Ca and Mg, (r = 
–0.800 and –0.733, respectively). Results imply generally 
positive correlations between nutrient concentrations. 
PCA with varimax rotation was also conducted on the 
micro-nutrient data (i.e. Mn, Fe, Cu, Zn, Mo, Cl and Co). 
Three components have initial Eigenvalues >1.0 (Table 7). 
The first principal component (PC1) accounted for 36.84% 
of variance. PC2 accounted for 23.026% of variance, while 
PC3 accounted for 16.24%. Fe, Cu, Zn, Cl and Co have 
high positive loadings, with correlation coefficients of r = 
0.951, 0.576, 0.845, –0.602 and 0.609, respectively. 
Mo has a high loading in the second principal com-
ponent (r = 0.842), while Mn has high loadings in the 
third principal component (r = 0.867). There are signifi-
cant correlations between Mo, Cl and Co, and between 
Mg and Mn. 
PCA was also conducted on the heavy metal data, with 
varimax rotation. The variables are As, Cr, Pb, Hg, Ni and 
Se. The total variance showed that only one component 
with an initial Eigenvalue >1.0 (Table 8). This component 
was then rotated and the principal component accounted 
for 72.93% of variance. The rotated component matrix 
items and loadings are reported in Table 8b, with loadings 
<0.30 omitted to improve clarity. Results suggest that, in 
keeping with zero-order correlations, the rotated compo-
nent increases with increasing As, Cr, Pb, Hg, Ni and Se. 
Figure 4. Combined concentrations of macro-nutrients (% by weight) in ignited plant tissues
These elements have high positive loadings, with correla-
tion coefficients of r = 0.795, 0.919, 0.914, 0.823, 0.860 
and 0.804, respectively. Therefore, strong correlations exist 
between the heavy metal concentrations.
One-way ANOVA was used to determine if the differ-
ences observed in the mean concentrations of the macro-
nutrients are statistically significant. The significant dif-
ferences for P, K, Ca and S are P <0.001, <0.001, <0.01 
and <0.001, respectively (Table 9). Thus, differences in the 
concentrations of these macro-nutrients are significant. 
The exception is Mg (P >0.05). 
Table 6a. Total explained variance of the macro-nutrient data
Com-
po-
nent
Initial Eigenvalues Extraction Sums of Squared Loadings
Total
% of 
Vari-
ance
Cu mu la-
tive % Total
% of 
Vari-
ance
Cu-
mula-
tive %
1 2.486 49.713 49.713 2.486 49.713 49.713
2 0.973 19.464 69.178
3 0.713 14.252 83.430
4 0.495 9.890 93.321
5 0.334 6.679 100.000
Note: extraction method: principal component analysis.
Table 6b. Rotated component matrix for macro-nutrient data
Component
1
Magnesium –0.733
Phosphorus 0.440
Potassium 0.765
Calcium –0.800
Sulphur 0.729
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Table 7a. Total explained variance of the micro-nutrient data
Com po nent
Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings
To tal % of Vari-ance
Cumu lative 
% To tal
% of Vari-
ance
Cumu lative 
% To tal
% of Vari-
ance
Cumu lative 
%
1 2.703 38.620 38.620 2.703 38.620 38.620 2.578 36.835 36.835
2 1.530 21.860 60.480 1.530 21.860 60.480 1.612 23.026 59.861
3 1.093 15.619 76.098 1.093 15.619 76.098 1.137 16.237 76.098
4 0.753 10.763 86.861
5 0.497 7.094 93.955
6 0.343 4.894 98.850
7 0.081 1.150 100.000
Note: extraction method: principal component analysis.
Table 7b. Rotated component matrix for micronutrient data
Component
1 2 3
Manganese 0.031 –0.289 0.867
Iron 0.951 –0.024 –0.141
Copper 0.576 –0.215 –0.386
Zinc 0.845 –0.067 0.129
Molybdenum 0.140 0.842 0.308
Chlorine –0.602 0.507 –0.241
Cobalt 0.609 0.655 0.054
Table 8a. Total explained variance of the heavy metal data
Component
Initial Eigenvalues Extraction Sums of Squared Loadings
Total % of Variance Cumulative % Total % of Variance Cumulative %
1 4.376 72.929 72.929 4.376 72.929 72.929
2 0.974 16.235 89.164
3 0.415 6.912 96.076
4 0.155 2.590 98.666
5 0.078 1.295 99.961
6 0.002 0.039 100.000
Note: extraction method: principal component analysis.
Table 8b. Rotated component matrix for the heavy metal data
Component
1
Arsenic 0.795
Chromium 0.919
Lead 0.914
Mercury 0.823
Nickel 0.860
Selenium 0.804
ANOVA of micro-nutrient data shows highly signifi-
cant differences (all P-values <0.001) in the mean con-
centrations of Fe, Zn and Co (Table 10).  However, the 
P-values of Mn, Cu and Cl are all >0.05. One-way ANOVA 
of the heavy metal data showed significant differences for 
As, Cr, Pb, Hg, Ni and Se (P <0.001 for all six metals) 
(Table 11). 
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Table 9. ANOVA of the macro-nutrient data
Sum of 
Squares d.f.
Mean 
Square F P
Magnesium Between Groups (Combined) 220.83 8 27.60 2.07 0.103
Within Groups 213.33 16 13.33
Total 434.16 24
Phosphorus Between Groups (Combined) 166.74 8 20.84 21.11 <0.001
Within Groups 15.80 16 0.99
Total 182.54 24
Potassium Between Groups (Combined) 3959.86 8 494.98 15.13 <0.001
Within Groups 523.50 16 32.72
Total 4483.36 24
Calcium  Between Groups (Combined) 1151.33 8 143.92 4.12 0.008
Within Groups 556.67 16 34.79
Total 1708.00 24
Sulphur Between Groups (Combined) 30.50 8 3.81 8.13 <0.001
Within Groups 7.50 16 0.47
Total 38.00 24
Table 10. ANOVA of the micro-nutrient data
Sum of 
Squares d.f. Mean Square F P
Manganese Between Groups (Combined) 1 044 262.48 8 130 532.81 1.72 0.174
Within Groups 1 139 824.93 15 75 988.33
Total 2 184 087.43 23
Iron Between Groups (Combined) 48.95 8 6.12 287.35 <0.001
Within Groups 0.32 15 0.02
Total 49.27 23
Copper Between Groups (Combined) 0.02 8 0.003 2.25 0.084
Within Groups 0.020 15 0.001
Total 0.05 23
Zinc Between Groups (Combined) 0.04 8 0.005 82.01 <0.001
Within Groups 0.001 15 0.00
Total 0.04 23
Molybdenum Between Groups (Combined) 0.00 8 0.00 1.24 0.341
Within Groups 0.00 15 0.00
Total 0.00 23
Chlorine Between Groups (Combined) 200.94 8 25.12 1.60 0.206
Within Groups 235.32 15 15.67
Total 436.28 23
Cobalt Between Groups (Combined) 0.21 8 0.03 208174.75 <0.001
Within Groups 0.001 15 0.00
Total 0.21 23
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Summary and conclusions
Geochemical characterization of banana, buriti palm, jute 
and coir fibres was conducted to determine their potential 
for elemental inputs into soil systems on decomposition. 
The fibres contained both macro- and micro-nutrients. 
Identified macro-nutrients include Mg, K, P, Ca and S. 
K concentrations were particularly high in banana-fibre 
samples, and thus biogeotextiles produced from them 
will potentially add K to soils (Marschner 1993). Ca 
concentrations were also especially high in banana-leaf 
fibres. Within the selected plant sample types, banana- 
leaf/stem proved to be the most effective plant fibre in 
terms of nutrient inputs to soil on decomposition, having 
the highest proportion of macro-nutrients. This study 
suggests that geochemical analysis can ascertain if plant 
fibres with potential for producing effective biogeotex-
tiles can eventually add nutrients to soil systems. It can 
be concluded that:
1. Fe varied from 0.15% in banana-leaf/stem samples 
(Oleo)–4.47% in jute-cloth (India), with a mean 
of 0.82%. Similarly, Mn varied from 0.03% in ba-
nana-leaf/stem (Oleo)–1.89% in banana-leaf/stem 
(Macaé), with a mean of 0.35%.
2. K varied from 3.63% in jute-mats (India) – 50.73% 
in banana-leaf (São Romão), with a mean of 
27.16%. Similarly, Ca varied from 0.09% in ba-
nana-leaf (São Romão) – 37.0% in banana-leaf/
stem (Oleo), with a mean of 10.49%.
3. The fibre samples have high concentrations of the 
macro-elements Mg, P, K, Ca and S. Cl had the 
highest concentration of 17.11% (in banana-leaf/
stem from Oleo) compared with other micro-el-
ements. 
4. In terms of the macro-nutrient contents of the se-
lected plant fibres (banana, buriti, jute and coir), 
banana-leaf/stem from Oleo had the highest con-
centration (73.0%), while coir fibre from Brazil had 
the least (25.86%). This suggests that banana-leaf 
geotextiles will add most nutrients to soil systems 
on decomposition. 
5. In terms of overall nutrient content, the sequence 
was banana-leaf > buriti palm-leaf > jute > coir. 
6. Each of the investigated plant types (banana, buriti, 
jute and coir), if utilized as biogeotextiles, will add 
notable amounts of nutrients into soil on their de-
composition.
7. None of fibres had notable concentrations of heavy 
metals and so do not pose any threat of heavy met-
al contamination of soils.
8. The mean heavy metal contents in different fibres 
and from different sources were significantly dif-
ferent.
9. This study recommends that geochemical analysis 
should ascertain the geochemical content of plant 
fibres prior to their use as biogeotextiles.
10. The general longevity of biogeotextiles exposed in 
field conditions varied from about three-months 
(humid tropical environment in Brazil) to two 
years (humid temperate environment in the Brit-
ish Isles). 
Table 11. ANOVA of the heavy metal data 
Sum of 
Squares d.f. Mean Square F P
Arsenic Between Groups (Combined) 0.000 8 0.00 6.06 <0.001
Within Groups 0.000 16 0.00
Total 0.000 24
Chromium Between Groups (Combined) 0.001 8 0.00 15.85 <0.001
Within Groups 0.000 16 0.00
Total 0.001 24
Lead Between Groups (Combined) 0.001 8 0.00 2825.78 <0.001
Within Groups 0.000 16 0.00
Total 0.001 24
Mercury Between Groups (Combined) 0.000 8 0.00 1721.21 <0.001
Within Groups 0.000 16 0.00
Total 0.000 24
Nickel Between Groups (Combined) 0.000 8 0.00 16.24 <0.001
Within Groups 0.000 16 0.00
Total 0.000 24
Selenium Between Groups (Combined) 0.000 8 0.00 742.00 <0.001
Within Groups 0.000 16 0.00
Total 0.000 24
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Suggestions for further research
The nutrient concentrations of potential biogeotextile 
merit further investigation, using more types of plant fi-
bres. It must be emphasized that reported results relate to 
elemental totals (as analysed using XRF). A fuller study 
of nutrient exchanges between biogeotextiles and soil sys-
tems requires studies of labile nutrients extracted from 
biogeotextile fibres. 
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